Secreted fungal effectors mediate plant-fungus pathogenic interactions. These proteins are typically N-glycosylated, a common posttranslational modification affecting their location and function. N-glycosylation consists of the addition, and subsequent maturation, of an oligosaccharide core in the endoplasmic reticulum (ER) and Golgi apparatus. In this article, we show that two enzymes catalyzing specific stages of this pathway in maize smut (Ustilago maydis), glucosidase I (Gls1) and glucosidase II b-subunit (Gas2), are essential for its pathogenic interaction with maize (Zea mays). Gls1 is required for the initial stages of infection following appressorium penetration, and Gas2 is required for efficient fungal spreading inside infected tissues. While U. maydis Dgls1 cells induce strong plant defense responses, Dgas2 hyphae are able to repress them, showing that slight differences in the N-glycoprotein processing can determine the extent of plant-fungus interactions. Interestingly, the calnexin protein, a central element of the ER quality control system for N-glycoproteins in eukaryotic cells, is essential for avoiding plant defense responses in cells with defective N-glycoproteins processing. Thus, N-glycoprotein maturation and this conserved checkpoint appear to play an important role in the establishment of an initial biotrophic state with the plant, which allows subsequent colonization.
INTRODUCTION
Biotrophic phytopathogenic fungi require living host plant tissues during their infection process to ensure nutrient availability and colonization (Glazebrook, 2005) . A crucial event in the establishment and success of this organismic interaction is the ability of the fungus to avoid triggering of the host immune system and the induction of plant cell death (Nimchuk et al., 2003) . A key question in understanding these plant-fungi interactions is to determine which molecular mechanisms are used to circumvent plant defense responses. Several recent works have shown that fungi produce effector proteins with the potential to directly interact with plants (van Esse et al., 2008; Djamei et al., 2011; Kloppholz et al., 2011; Hemetsberger et al., 2012; Mueller et al., 2013) . For example, the chorismate mutase Cmu1 has recently been described as a secreted virulence factor of the maize smut fungus Ustilago maydis, which directly interacts with plant cells and hijacks their metabolic pathways in order to facilitate fungal infection (Djamei et al., 2011) . These observations, together with the fact that the U. maydis proteome contains a large set of putative effector proteins that are strongly induced during its interaction with maize (Zea mays) (Kämper et al., 2006; Mueller et al., 2008; Schirawski et al., 2010) , makes this fungus an excellent model for understanding the molecular basis of fungal biotrophy (Brefort et al., 2009) .
Although U. maydis requires maize to complete its sexual life cycle, this basidiomycota fungus can also follow a nonpathogenic asexual cycle, growing as yeast-like cells that divide by budding. The pathogenic cycle starts when two sexually compatible cells meet and mate on the plant surface (Banuett, 1995) . The recognition of plant-derived physicochemical signals leads to the formation of a dikaryont filament whose tip differentiates into a structure specialized for plant cuticle penetration, known as the appressorium . During these early stages of interaction with maize, the host triggers the pathogenassociated molecular pattern (PAMP)-triggered immunity response and reactive oxygen species (ROS) production, two well-known nonspecific pathogen responses (Wojtaszek, 1997; Molina and Kahmann, 2007; Doehlemann et al., 2008) . The survival of the fungus depends on modulating these plant defense mechanisms and detoxifying plant ROS. Once U. maydis overcomes these initial defenses, the fungus hijacks endogenous plant pathways to establish a biotropic state between the two organisms. A remarkable characteristic of this biotrophy is the induction of plant cell death suppressor genes as well as the repression of plant caspases (Doehlemann et al., 2008) .
U. maydis pathogenic development leads to severe disease symptoms in maize that can be easily followed macroscopically. First, the fungus induces strong chlorosis around the infection area during appressorium formation and penetration. Fungal proliferation inside the plant promotes anthocyanin production. The most severe consequence of U. maydis infection is the subsequent formation of prominent tumors in all aerial parts of the plant. These tumors will contain fungal spores once mycelium differentiation has taken place (Banuett and Herskowitz, 1996; Brefort et al., 2009) .
In a similar way to the effectors involved in the establishment of the initial biotrophic state, the specific roles and nature of the fungal effectors responsible for tumor induction in maize are poorly understood. This complex plant-fungus crosstalk likely requires a large number of secreted effector proteins. A common characteristic of these secreted proteins is that they are usually glycoproteins (Apweiler et al., 1999; Lai et al., 2013) . Protein glycosylation is a posttranslational modification that consists of the addition of sugar residues to nascent target proteins, which are subsequently processed during transit through the endoplasmic reticulum (ER) and Golgi apparatus (GA). Glycosylation is required for correct folding and function of these proteins; consequently, improperly glycosylated proteins are thought to be eliminated by proteasome-mediated degradation (Parodi, 2000) . The importance of protein glycosylation for U. maydis pathogenic development has been previously established. Defective protein glycosylation mutants, such as the O-mannosyltransferase pmt4 or the glucosidase II a-subunit gas1, exhibit severely compromised virulence. Pmt4 is essential for appressorium formation and penetration (Fernández-Alvarez et al., 2009 ), while Gas1 is crucial for growth inside the plant after appressorium penetration (Schirawski et al., 2005) . Thus, glycosylation is essential for establishing successful molecular crosstalk between the fungus and the plant.
There are different types of protein glycosylation depending on the type of oligosaccharide added and the amino acid to which it is attached. The most conserved type of eukaryotic protein glycosylation is N-glycosylation (Schwarz and Aebi, 2011) . It consists of the addition of an oligosaccharide core, composed of two N-acetylglucosamine, nine Man, and three Glc molecules (NAcGlc 2 Man 9 Glc 3 ), to the nitrogen chain of an Asn residue in the consensus sequence Asn-X-Ser/Thr, where X can be any amino acid except Pro (Yan et al., 1999; Yan and Lennarz, 2005) . Nascent N-glycoproteins must be processed in the ER before they are sent to the GA where the secretion pathway continues. Processing involves the elimination of three Glc units and one Man and is catalyzed by four highly conserved proteins. Glucosidase I removes the outer Glc of the oligosaccharide core, and then glucosidase II trims the middle and inner Glcs (Helenius and Aebi, 2004) . Glucosidase II is a dimeric protein composed of two subunits, a and b (Trombetta et al., 1996) . While the a-subunit is required for the elimination of the two Glcs, the b-subunit seems only to be crucial for the elimination of the inner Glc (Wilkinson et al., 2006) . Once the Glcs have been trimmed, a mannosidase removes a Man residue ( Figure 1A ). Oligosaccharide processing is linked to a quality control system for N-glycoproteins known as the calnexin cycle. It is thought that the main function of the checkpoint is to evaluate correct N-glycoprotein folding (Ellgaard and Helenius, 2003) . Specifically, the calnexin transmembrane protein recognizes N-glycoproteins harboring the oligosaccharide core NAcGlc 2 Man 9 Glc (Hammond et al., 1994) .
Proteins that are not properly folded enter a deglycosylationglycosylation cycle, which probably increases their residency inside the ER, giving more time for misfolded proteins to achieve the correct conformation. Permanently misfolded proteins are transported to the proteasome for degradation (Takeda et al., 2009; Määttänen et al., 2010) . Most components of the ER quality control system are conserved from Saccharomyces cerevisiae to human cells. However, the apparent absence of crucial elements in certain organisms, such as S. cerevisiae, suggests that the calnexin cycle could play divergent roles in eukaryotic cells (Fernández et al., 1994) .
In this article, we identify the critical steps of protein N-glycosylation required for U. maydis virulence. Remarkably, we discover that Glc removal at the ER is essential for fungal pathogenicity at different stages of the infection process, while subsequent sugar processing steps are dispensable for disease induction. Moreover, we observe that quality control mechanisms supervising N-glycoprotein folding modulate the efficiency of maize smut fungus infection. Our observations establish connections between the sugar processing of putative N-glycosylated fungal effectors and their roles during plant-fungi interactions.
RESULTS

N-Glycoprotein Glycan Trimming in U. maydis
To investigate the relevance of U. maydis N-linked glycan processing for plant pathogenesis, we first searched for protein homologs of glucosidase I, glucosidase II b-subunit, and mannosidase I in the U. maydis protein database. These proteins, together with Gas1, the previously identified putative U. maydis homolog of the glucosidase II a-subunit (Schirawski et al., 2005) , would be expected to catalyze N-glycoprotein processing in the ER, which is widely conserved in eukaryotic cells. We identified three open reading frames (ORFs) with homology to these proteins by BLASTp analysis of the U. maydis Munich Information Center for Protein Sequences database. Um-11723 showed significant similarity to the ER glucosidase I from S. cerevisiae and Candida albicans (Sc-Cwh41 and Ca-Cwh41, respectively). The U. maydis 11723 N-terminal domain includes the conserved amino acids sequence 652 Glu-Leu-His-Val-Asp-Leu 657 , which has been linked to substrate binding (Romaniouk and Vijay, 1997) , and the critical residues Arg-502 and Gly-834 required for its full catalytic activity (Völker et al., 2002; Hitt and Wolf, 2004; Hong et al., 2004) . We also identified Um-12045 as a putative homolog of the S. cerevisiae glucosidase II b-subunit (Gtb1). This ORF conserves a region (Val-65 to Cys-84) present in the human glucosidase II b-subunit, involved in glucosidase II substrate binding, as well as a C-type lectin domain (Asn-86 to Cys-132) homolog to other glucosidases (Arendt and Ostergaard, 2000) (see Supplemental Figure 1 online). Finally, we found that Um-02227 shares significant identity to ER mannosidase I (Mns1) proteins from several organisms. Um-02227 conserves specific residues responsible for its folding and function (Lipari and Herscovics, 1996; Romero et al., 2000) .
Whereas highly significant similarities, according to the P value, were obtained in the case of U. maydis 11723 and 02227 versus S. cerevisiae Cwh41 and Mns1, respectively, this significance was much weaker in the case of Um-12045 with respect to Sc-Gtb1. Thus, to confirm Um-12045 as a functional homolog of Sc-Gtb1, we decided to perform a complementation assay by cloning um-12045 into the pYES2 vector and transforming it into the S. cerevisiae gtb1Δ strain. As shown in Figure 1B , the expression of um-12045 partially restores the growth defects of the S. cerevisiae gtb1 mutant when grown on tunicamycincontaining medium, suggesting that Um-12045 is likely to be the functional U. maydis homolog of the glucosidase II b-subunit. Thus, U. maydis 11723, 12045, and 02227 proteins, from now on referred to as Gls1 (glucosidase I), Gas2 (glucosidase II b-subunit), and Mns1, respectively, could support N-glycoprotein processing in U. maydis, together with the previously identified glucosidase II a-subunit, Gas1.
To investigate the role of these proteins in U. maydis, we generated single deletion mutants for gls1, gas2, and mns1 in the FB1 wild-type strain. Since defective N-glycosylation leads (A) Glc and Man trimming of the oligosaccharide core are catalyzed by three glucosidases and one mannosidase. Gls1 removes the outer Glc, and Gas1 is sufficient to trim a second inner Glc. Elimination of the last Glc requires the activity of Gas1 together with Gas2. Finally, ER Mns1 performs the trimming of one internal Man. Maturated N-glycoproteins are then transported to the GA via the secretion pathway. (B) Gas2 partially complements the function of the glucosidase II b-subunit in budding yeast. A series of 10-fold dilutions of the indicated strains were spotted on YPD agar plates containing 0.5 mg/mL of tunicamycin (Tun) and incubated at 28°C for 2 d. Two independent gtb1 mutant clones containing pYES2-Gas2 were used; both showed enhanced growth rates to gtb1Δ pYES2 cells, indicating that U. maydis Gas2 is likely to be the functional homolog of the GTB1 in budding yeast. (C) U. maydis N-glycosylation mutants are hypersensitive to ER stress. A series of 10-fold dilutions of FB1 (the wild type [WT] ) and the indicated mutants were spotted on YPD agar plates containing 0.5 M DTT and incubated at 28°C for 2 d. To test growth at high temperature, plates were incubated at 36°C. Dgls1, Dgas1, and Dgas2 but not Dmns1 cells were unable to grow at 36°C. Interestingly, Dgas2 cells behaved similarly to wild-type and Dmns1 cells when grown on DTT-containing medium, while Dgls1 and Dgas1 showed reduced growth capacity. Dgas1 Dgas2 behavior was similar to the gas1 single deletion mutant, positioning Gas2 downstream of Gas1 in the N-glycosylation pathway. (D) Gls1 and Gas2 are two U. maydis proteins required for tumor formation in maize. Seven-day-old maize seedlings were inoculated with water (mock) and the indicated crosses. Fifteen days after infection, chlorosis, anthocyanin production, and tumor formation were observed on plants infected with the wild-type and Dmns1 crosses, while only chlorosis were detected on plants inoculated with the gls1, gas1, and the gls1 gas1 and gas1 gas2 double mutant strains. Strong anthocyanin production together with chlorosis was observed for the gas2 mutant strain infections. to hypersensitivity to agents inducing ER stress in other organisms (Mora-Montes et al., 2007) , we wanted to test U. maydis mutants for this phenotype. With this aim, we grew FB1 wild-type and mutant cells at 36°C, as well as on DTT-containing media at 28°C, which induces ER stress by increasing the amount of misfolded proteins (Braakman et al., 1992) . As shown in Figure  1C , the deletion of gls1, gas1, and gas2 compromised cellular growth at 36°C, and Dgls1 and Dgas1 but not Dgas2 cells showed hypersensitivity to DTT. The deletion of mns1 did not affect the growth capacity of the fungus in either of the tested conditions. Thus, Glc but not Man trimming is required under ER stress conditions in U. maydis.
To determine the relative position of these proteins in the N-glycoprotein processing pathway, we generated Dgls1 Dgas1 and Dgas1 Dgas2 double mutant strains in the FB1 background and analyzed their sensitivity to DTT. Dgls1Dgas1 cells showed a similar phenotype to the one exhibited by Dgls1 and Dgas1 single mutants. Moreover, the hypersensitivity of the Dgas1 Dgas2 double mutant was indistinguishable from the one observed in Dgas1 cells ( Figure 1C ). Thus, our results support the idea that the elements involved in N-glycoprotein glycan trimming act in the ER and their relative position is conserved in U. maydis.
Gls1 and Gas2 but Not Mns1 Are Required for Tumor Induction in Maize
To determine the role of Gls1, Gas2, and Mns1 in U. maydis virulence, we deleted gls1, gas2, and mns1 in the FB2 strain, which is mating compatible with FB1. To infect maize plants, we inoculated 7-d-old maize seedlings with an equal mixture of wild-type FB1 and FB2 cells or the corresponding Dgls1, Dgas2, and Dmns1 mutants. Disease progression was evaluated 15 d after infection. Interestingly, the Dgls1 and Dgas2 crosses were unable to induce tumors in any of the infected plants, while plants inoculated with wild-type or Dmns1 crosses developed prominent tumors. Remarkably, we noticed that the Dgas2 strain also induced anthocyanin production, in contrast with the infections caused by the Dgls1 and Dgas1 strains, where chlorosis was the only symptom observed on infected leaves (Figures 1D and 1E) . This suggests more extensive Dgas2 fungal progression inside plant tissues. Similar results were obtained 25 d after infection, indicating that the Dgls1 and Dgas2 phenotypes were not the result of a delay in pathogenic development (see Supplemental Figure 2 online). Moreover, we also generated double deletion mutants of gls1 gas1 as well as gas1 gas2 in FB2 and infected maize plants using the same conditions previously mentioned. Consistent with the position of Gls1, Gas1, and Gas2 in the N-glycosylation pathway ( Figure 1A ), Dgls1 Dgas1 and Dgas1 Dgas2 infections produced similar symptoms to Dgls1 and Dgas1, respectively ( Figures 1D  and 1E ). Thus, we can conclude that Gls1 and Gas2 are essential for tumor formation in maize, revealing a critical role for U. maydis N-glycoprotein processing in plant-fungal interactions. Additionally, the higher virulence shown by Dgas2 cells relative to Dgas1 suggests an interesting divergence in the in planta roles of Gas1 and Gas2.
Although the loss of the ER mannosidase Mns1 did not affect U. maydis virulence, it has been described that in Arabidopsis thaliana two conserved Golgi mannosidases can compensate for the loss of ER mannosidase function by processing these Mans in the GA (Liebminger et al., 2009) . To investigate if this compensation mechanism is conserved in U. maydis, thus restoring the defective Man processing of Dmns1 cells, we searched for Golgi mannosidase homologs in the U. maydis genome. We identified two sequences with significant identity: U. maydis 10494 and 01957. A phylogenetic analysis of ER and Golgi mannosidases from several organisms clearly grouped U. maydis 10494 and 01957 proteins within the Golgi mannosidase category (see Supplemental Figure 3A and Supplemental Data Set 1 online). We named these proteins as Mns2 and Mns3, respectively. To determine the possible role of these proteins in U. maydis pathogenic development, we generated the triple deletion mutant Dmns1 Dmns2 Dmns3 in both FB1 and FB2 wild-type cells and performed an infection assay. Maize infected plants were scored 15 d after inoculation. As we can observe in Supplemental Figure 3B online, these mutants showed an infection capacity similar to the wild-type strains. Thus, the requirement for Gls1, Gas1, and Gas2 but not Mns1, Mns2, and Mns3 for U. maydis pathogenic development strongly suggests that the processing of Glc but not Man in N-glycoproteins is critical for tumor induction in maize.
Gls1 and Gas2 Are Required at Different Stages of U. maydis Pathogenic Development
It has been previously described that Dgas1 hyphae arrest their growth inside plant tissues just after appressorium penetration. The loss of gas1 also produces slight defects in cell morphology, mating capability, and septation up to the appressorium tip (Schirawski et al., 2005) . As Gls1 and Gas2 are likely to be placed upstream and downstream of Gas1, respectively, in the N-glycosylation pathway, we wanted to investigate if these phenotypes were also presented by the gls1 and gas2 mutants as well as to determine the cause of their nonpathogenic phenotypes.
Regarding cell morphology, we noticed a significant difference in the width of exponentially growing FB1Dgls1 cells compared with the wild-type cells on rich liquid medium. A similar phenotype was also observed in FB1Dgas1, FB1Dgls1Dgas1, and FB1Dgas1Dgas2 but not in FB1Dgas2 cells. By contrast, we did not observe alterations in either cell length or in the establishment of the polarity axis in any of the mutants (Figures 2A  and 2B ). Moreover, single and double deletions of gls1, gas1, and gas2 did not affect the cell doubling time (;2.1 h in rich medium liquid Yeast Extract Peptone Sucrose Light [YEPSL] ). Thus, we can conclude that neither Gls1 nor Gas2 plays a significant role in the mitotic cell cycle.
The U. maydis pathogenic phase starts with mating between two sexually compatible strains. To investigate the possible effect of gls1 and gas2 deletions on mating, we spotted a mixture containing equal numbers of sexually compatible wild-type FB1 and FB2 cells, as well as gls1, gas1, gas2, and the double gls1 gas1 and gas1 gas2 mutant cells on potato dextrose (PD)-charcoal plates and incubated them for 15 h at 25°C. Under these conditions, dikaryon filament formation can be easily recognized as a white fuzzy colony. We noticed that gls1, gas1, and gas2 deletions reduced colony fuzziness ( Figure 2C ). Longer incubation times on PD-charcoal plates improved mating efficiency but did not fully resemble the wild-type phenotype (see Supplemental Figure 4 online). No significant differences were observed between the mating capabilities of gls1, gas1, gas2, and the gls1 gas1 and gas1 gas2 double mutants ( Figure 2C ).
Although mating between U. maydis sexually compatible cells is a prerequisite for maize infection and the slight mating defects of Dgls1 and Dgas2 mutants could contribute to their nonvirulent phenotypes, the fact that the strains are completely nonpathogenic makes it unlikely that these mating defects play a significant role in the infection process of gls1 and gas2 mutants. (C) N-glycoprotein processing is required for efficient mating on PDcharcoal plates. A mixture of sexually compatible FB1 and FB2 strains leads to the formation of a dikaryon whose filamentous growth is recognizable as a white fuzzy colony on PD-charcoal plates as shown in model and control conditions. By contrast, a mixture of equal numbers of mutant cells showed a compromised capability to form fuzzy colonies compared with the wild type after 15 h of incubation at 25°C. The quantification of this phenotype in arbitrary units using Volocity is shown. FB1 and FB2 single colonies on PD-charcoal plates were also scored as negative controls. Data represent the mean value of three independent experiments. Two asterisks represent a P value < 0.01. (D) Irregular distribution of calcofluor-stainable cell wall material can be observed in gas1 mutants. Appressorium formation followed by a regular septation can be observed by calcofluor staining of infected leaves 15 h after inoculation. Arrow indicates appressorium formation in wild-type hyphae. The loss of gas1 produces aberrant septa distribution close to the tip (gray/red arrow). (E) Gls1 but not Gas2 is also required for a regular septation during appressorium formation. The phenotype described in (D) was quantified in the crosses of FB1 and FB2 (WT) and their indicated derivative mutants. The average and SD of hyphae showing irregular septation is shown. The total number of hyphae scored from three independent experiments was 31 (WT), 77 (Dgls1), 34 (Dgas1), 41 (Dgls1 Dgas1), 84 (Dgas2), and 39 (Dgas1 Dgas2). (F) Irregular septa distribution is not important for appressoria production. The efficiency of appressorium formation was quantified on infected leaves 15 h after inoculation. Calcofluor staining was used to visualize filaments and appressoria. The mean percentage of appressoria observed per filaments and SD from three independent experiments are shown for each indicated cross. No significant differences were found during the analysis. The total number of quantified filaments was 114 (wild type), 265 (Dgls1), 203 (Dgas1), 189 (Dgls1 Dgas1), 357 (Dgas2), and 200 (Dgas1 Dgas2). (G) N-glycosylation mutants show efficient plant cuticle penetration. To quantify the percentage of appressorium penetration, maize infected leaves (1 d after inoculation) were stained using CBE and analyzed by light microscopy. The mean percentage of appressoria penetration across the plant cuticle and SD are shown. Fifty appressoria were analyzed for each cross.
Nevertheless, to exclude this possibility, we decided to introduce both mutations into the solopathogenic SG200 strain, which is able to cause disease without mating due to the presence of both active sexual loci in its genome (Bölker et al., 1995) . Pathogenic assays showed that while SG200 infected plants normally, both SG200Dgls1 and SG200Dgas2 were nonpathogenic (see Supplemental Figure 5 online). This strongly suggests that the reduced mating efficiency showed by these mutants does not contribute to their pathogenic defects.
Next, we analyzed septa distribution during appressorium differentiation. As previously described for the Dgas1 mutant (Schirawski et al., 2005) , the lack of gls1 but not gas2 produces irregular septation up to the appressorium tip ( Figure 2E ). In order to investigate whether this phenotype could compromise appressorium formation and penetration, we quantified appressoria production in Dgls1, Dgas1, Dgas2, and the corresponding double mutant strains. Remarkably, we did not observe any correlation between abnormal septum formation and appressoria production and penetration (Figures 2F and 2G) . Thus, gls1, gas1, and gas2 are dispensable for efficient appressoria production and penetration.
Finally, we analyzed fungal hyphae progression inside plant tissues by staining maize leaves with wheat germ agglutinin-Alexa Fluor 488 (WGA-AF488; green channel) and propidium iodide (PI, red channel) in order to visualize fungal hyphae and plant cells, respectively ). Samples were obtained 1 and 2 d after U. maydis infection. As shown in Figure 3A , the deletion of gls1 abolished fungal progression inside the plant during the early stages of the interaction, analogous to Dgas1 infection, while Dgas2 hyphae showed higher levels of growth in planta. To confirm these differences, we quantified the fungal biomass from leaves infected with wild-type, Dgas1, or Dgas2 cells using the peptidylprolylisomerase ppi1 gene as a fungal marker. As can be observed in Figure 3D , the fungal biomass extension is greater in the gas2 mutant compared with gas1. In addition, we measured the distance from the penetration point of the appressorium to the internal hyphae tip on samples taken 1 and 2 d after infection and stained with chorazol black E (CBE). One day after infection, Dgls1 hyphae showed reduced length inside plant tissues compared with wild-type and Dgas2 strains ( Figure 3C ). Interestingly, we noticed that gls1 mutant growth was still arrested 2 d after infection. However, Dgas2 hyphae showed an intermediate level of growth between Dgls1 or Dgas1 and wild-type cells ( Figure 3C ). This indicate that Dgas2 cells are able to complete the early stages of plant interaction after appressorium penetration but are unable to induce tumors in maize, presumably attributable to inefficient fungal spreading inside plant tissues.
O-Mannosylation by Pmt4 Does Not Affect N-Glycosylation Defective-Associated Phenotypes
It has previously been described that O-mannosylation by the Pmt4 O-mannosyltransferase precedes and potentially regulates N-glycosylation in S. cerevisiae (Ecker et al., 2003) . The Pmt4 homolog in U. maydis is essential for appressorium formation and penetration (Fernández-Alvarez et al., 2009) . In order to know if the loss of pmt4 could affect the N-glycosylation process, we investigated the behavior of the double Dgls1 Dpmt4 mutant during plant infection. We found that this double mutant showed similar appressoria production defects to the single Dpmt4 strain (see Supplemental Figure 6A online). Moreover, the septation defects present up to the appressoria tip in the double mutant and the single gls1 mutant were not significantly different (see Supplemental Figure 6B online). Similarly, Dgls1 Dpmt4 hyphae showed identical behavior to the pmt4 mutant in appressorium penetration assays using CBE staining (see Supplemental Figure 6C online). Taken together, these data suggest that the appressorium defects associated with defective N-glycosylation or O-mannosylation are independent. Thus, target proteins responsible for these phenotypes are unlikely to be regulated by both O-mannosylation and N-glycosylation.
The Loss of Calnexin Reduces the Virulence of gas2 Mutant Cells
Next, we wanted to identify the molecular basis for the differential hyphal growth phenotypes of Dgas1 and Dgas2. Glycosylated proteins modified by the glucosidase II a-and b-subunits are substrates of the ER quality control system driven by the calnexin protein. Calnexin specifically recognizes proteins harboring the oligosaccharide core formed by NAcGlc 2 Man 9 Glc, generated after the first Gas1-catalyzed processing step (Hammond et al., 1994) . Thus, calnexin would be able to recognize potential substrates in the absence of gas2 but not in cells lacking gas1 ( Figure 4A ). To investigate if differences in calnexin activity could be related to the divergent Dgas1 and Dgas2 phenotypes, we decided to examine the role of calnexin in maize smut fungus.
Using the S. cerevisiae calnexin sequence as the query sequence, we identified Um-10287 encoding a putative homolog of the highly conserved calnexin protein in the U. maydis genome (P value of 3.6e-60). To test the role of calnexin, we deleted the calnexin (cne1) gene in the wild-type FB1 strain. As ER quality control plays an important role under stress conditions, which affects normal glycoprotein folding, wild-type and mutants strains were spotted and grown for 2 d either on DTTcontaining medium or at high temperature (36°C). As shown in Figure 4B , the loss of calnexin affects cell growth under both conditions, suggesting a conserved role in the U. maydis ER quality control system. By contrast, when 7-d-old maize seedlings were infected with FB1Dcne1 and FB2Dcne1 strains, disease symptoms were indistinguishable compared with wild-type infections ( Figures 4C and 4D) . Thus, calnexin does not seem to be crucial for U. maydis virulence.
It is well established that the activity of the ER quality control system is especially important for the cell when normal N-glycoprotein folding is compromised (Ellgaard and Helenius, 2003) . Thus, under low or non-ER stress conditions, this checkpoint might be dispensable for efficient plant infection. Therefore, we decided to investigate the relevance of the calnexin cycle for fungal infection when the N-glycosylation process is perturbed. Since calnexin specifically recognizes N-glycoproteins harboring NAcGlc 2 Man 9 Glc, deletion mutants for gls1 or gas1 could not be used because, although they result in aberrantly processed N-glycosylated proteins, they do not lead to the production of 6 of 15
The Plant Cell calnexin-recognizable proteins (see model in Figure 4A ). To determine the role of calnexin for host-pathogen interactions, we analyzed its relevance in Dgas2 cells. For this purpose, we generated a double Dcne1 Dgas2 mutant and assayed its pathogenic capability. Interestingly, plants infected with Dcne1 Dgas2 mutants showed only chlorosis without tumor formation or anthocyanin, a phenotype reminiscent of Dgls1 or Dgas1 strain infections ( Figure  4D ). To confirm this, we investigated fungal colonization inside the plant tissues using WGA-AF488/propidium iodide and CBE staining. As can be observed in Figures 4E and 4F , the loss of gas2 in Dcne1 hyphae arrests their growth just after appressorium penetration, corroborating its similarity to what was observed for Dgls1 and Dgas1 strains. By contrast, the loss of calnexin had no effect on the fungal progression of gas1 mutant cells ( Figures 4D and 4F) , confirming that the requirement for calnexin is limited to Dgas2 cells. From our observations, we can conclude that calnexin is required in gas2 mutants for successful infection, where it most likely plays a role in reducing the consequences of protein misfolding in the absence of correct N-glycosylation.
Invertase Protein Is N-Glycosylated in U. maydis and Its Processing Depends on Calnexin Activity in gas2 Mutant Cells To test our model using a secreted N-glycoprotein, we selected invertase (Suc2), which has been described to be N-glycosylated in others organisms (Kern et al., 1993) . We tested Suc2 protein N-glycosylation via electrophoretic mobility using a construct containing the ORF of the suc2 (um-01945) gene under the control of the constitutively active otef promoter and fused it with a C-terminal green fluorescent protein (gfp) to allow detection by protein gel blotting. We integrated this construct Wild-type infection leads to extensive fungal growth inside the plant. By contrast, maize infections performed with the single gls1 and gas1 mutants as well as with the double gls1 gas1 and gas1 gas2 strains showed a drastic reduction of fungal expansion. The deletion of gas2 produced an intermediate phenotype between the wild-type and Dgls1 or Dgas1 infections.
(B) To quantify hyphae progression after appressorium penetration, infected maize samples were stained with CBE and analyzed by optical microscopy. Images show a z axis projection. The site of penetration and the tip of the penetrated hyphae are indicated with arrows. Hyphae progression was quantified by measuring the distance between both arrows. Bar = 15 mm.
(C) The distance quantified in (B) from 1 and 2 d after infection is shown. Quantification of hyphal growth in planta shows different behavior between gas1 and gas2 mutants. The average distance (mm) and SD are shown. Each individual point represents a single hypha. gas2 mutant cells showed wild-type behavior at 1 d after inoculation (dpi) but arrested 2 after inoculation with growth of around 150 mm in length.
(D) Quantification of fungal biomass in infected leaves. Quantitative PCR using primers to detect the fungal-specific peptidylprolylisomerase gene and DNA samples obtained from maize leaves infected with the wild type, Dgas1, or Dgas2 was performed. Uninfected leaf samples were used as negative controls. The average of three independent samples (2 d after inoculation) is shown. Errors bars show SE. Four asterisks indicate a P value < 0.0001.
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into the ip locus of the SG200 wild-type strain, generating SG200P otef :Suc2-GFP. To be able to test Suc2 protein N-glycosylation in different mutant backgrounds, we generated single deletions of gls1, gas1, gas2, cne1, and the double cne1 gas2 deletion in this genetic background. Cells were grown in YEPSL liquid medium, total and secreted cell extracts were prepared, and proteins were analyzed by SDS-PAGE. In wild-type cells, Suc2 could be detected in the secreted fraction, confirming that Suc2 is a secreted protein in U. maydis (see Supplemental Figure 7A online). Moreover, we investigated the cellular location of Suc2-GFP finding that it accumulated in the plasma membrane before its secretion (see Supplemental Figure 7B online). (A) Model of the proposed calnexin role in Dgas1 and Dgas2 scenarios. N-glycoproteins could be potentially recognized as substrates by calnexin in gas2 mutant cells but not in gas1 cells (see also Figure 1A ). (F) Quantification of hyphae progression in planta after appressorium penetration (1 d after inoculation [dpi] ). The distance between the site of penetration and the tip of the plant-invading hyphae was measured (see Figure 3B ). Dgas2 cell growth arrested after appressorium penetration in the absence of calnexin.
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The Plant Cell Examination of protein mobility revealed strongly altered Suc2 migration between Dgls1 and wild-type secreted extracts, indicating that Glc trimming catalyzed by Gls1 is necessary for normal processing of this secreted protein. Remarkably, we noticed that the loss of gls1 compromised the normal localization of Suc2-GFP to the plasma membrane (see Supplemental Figure 7B online). Analysis of Suc2 protein mobility also showed altered migration between Dgls1, Dgas1, and wild-type total extracts. Interestingly, we did not detect any significant differences between wild-type, Dgas2, and Dcne1 samples ( Figure  5A ). Significantly, the mobility of Suc2 from cne1 gas2 double mutant cells was similar to gls1 or gas1, suggesting that calnexin acts to restore Suc2 folding in Dgas2 cells. We verified that the altered mobility of Suc2 was exclusively due to defective N-glycan processing by preincubating samples with Endoglycosidase H, which eliminates the linkage between the two N-acetylglucosamines, thus removing the glycol portion and would be expected to homogenize the substrates from all the analyzed strains. Following this treatment, we did not observe significant differences in Suc2 migration between wild-type and mutant strains ( Figure 5B ), confirming that the altered electrophoretic mobility of Suc2 from mutant cells was due solely to N-glycan processing. These results demonstrate that the processing of Suc2 depends on normal N-glycosylation. They also confirm the activity of the putative U. maydis calnexin.
N-Glycosylation and Its Quality Control Are Required to Avoid Maize Plant Defense Responses
During early stages of U. maydis infection, the fungus must avoid the induction of plant defense mechanisms in order to ensure its survival. Fungal effectors, whose maturation could be affected in N-glycosylation-deficient mutant cells in a similar way to Suc2, are probably mediating this stage. To know if the loss of virulence showed by N-glycosylation mutants could be due to a defective interaction between maize and U. maydis during the establishment of the initial biotrophy stage, we investigated plant defense responses in Dgls1, Dgas1, and Dgas2 infections. Plant ROS production and the induction of plant cell death are two wellknown characteristics of maize defense responses against U. maydis infection. Furthermore, during host-pathogen biotrophic interactions, the expression of defense salicylic acid (SA) genes pr1 and atfp4 is attenuated (Doehlemann et al., 2008; Hemetsberger et al., 2012) . We analyzed these defense mech \anisms in maize leaves infected with Dgls1, Dgas1, or Dgas2 cells, 1 d after inoculation. To visualize ROS plant production, infected leaves were stained with 3,39-diaminobenzidine (DAB), which produces an identifiable black precipitate when in contact with ROS (Molina and Kahmann, 2007) . Interestingly, DAB precipitate was present near most of the Dgls1 and Dgas1 hyphae in contrast with wild-type or Dgas2 infections ( Figures 6A and 6B ). To identify plant cell death, infected maize leaves were stained with trypan blue (see Methods). As shown in Figures 6C and 6D , wildtype and Dgas2 infections did not induce plant cell death, while infections using gls1 and gas1 mutants induced cell death in more than half of infected plant cells. Consistent with these observations, we found that both mutants induced an enhanced expression of SA marker genes pr1 and atfp4, compared with wildtype infections ( Figures 6E and 6F ). These results suggest that the defects in early hyphae progression observed in Dgls1 and Dgas1 cells may be due to their inability to establish an initial biotrophic interaction with the plant. Moreover, these data indicate that the defective N-glycoprotein processing in gas2 mutants does not affect early plant defense responses ( Figures 6A to 6F ). To confirm that the ability of Dgas2 hyphae to progress without inducing a plant response is due to the activity of calnexin, we analyzed maize leaves infected with Dcne1 Dgas2 cells. Figures 6A  to 6F shows that a plant response was induced, as judged by ROS production, plant cell death, and the induction of pr1 and atfp4 genes. To sum up, our results suggest that there are two important pools of N-glycosylated proteins required for virulence. The first one, important for regulating the plant response during the early stages of pathogenic development, requires the processing steps catalyzed by Gls1 and Gas1 but not Gas2, provided that ER quality control is active. The second pool of N-glycoproteins also requires the processing catalyzed by Gas2, but the activity of the quality control system is insufficient to resolve problems related to probable protein folding defects. (A) Total protein extracts of the SG200 (negative control), SG200P otef Suc2-GFP (the wild type [WT]), SG200P otef Suc2-GFPDgls1, SG200P otef Suc2-GFPDgas1, SG200P otef Suc2-GFPDgas2, SG200P otef Suc2-GFPDcne1, and SG200P otef Suc2-GFPDcne1Dgas2 strains were subjected to protein gel blot analysis with an a-GFP antibody. Processed and unprocessed Suc2-GFP proteins are indicated by arrows. The molecular mass ruler is depicted on the left. Asterisk marks a nonspecific band. (B) The same samples analyzed in (A) were preincubated with Endo H and then analyzed by protein gel blotting using the a-GFP antibody.
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DISCUSSION
Fungal effector proteins play a crucial role in plant-fungi pathogenic interactions. Recent observations in the maize smut fungus U. maydis have identified one such protein that directly interacts with plant cells in order to regulate plant immune responses and metabolic pathways (Djamei et al., 2011) . To be effective, fungal effectors must be properly processed and secreted from fungal cells during their interaction with the plant host. One of these processes is protein glycosylation, a common posttranslational modification for secreted proteins (Lai et al., 2013) . In this work, we highlighted the importance of N-glycosylation and its quality (A) Analysis of plant ROS accumulation in plants infected with the indicated strains. Samples were stained 1 d after inoculation with DAB and visualized by light microscopy. White arrows indicate U. maydis hyphae without apparent DAB accumulation. DAB precipitates (black arrows) could be observed around Dgls1, Dgas1, and Dcne1 Dgas2 hyphae. WT, the wild type. Bar = 5 mm.
(B) Quantification of DAB precipitates from the strains analyzed in (A). The average percentage of hyphae showing DAB precipitates and SD of each strain during three independent infections are shown. The total number of hyphae scored was 21 for the wild type, 53 for Dgls1, 63 for Dgas1, 39 for Dgas2, 18 for Dcne1, and 67 for Dcne1 Dgas2.
(C) Plant cell death analysis in N-glycosylation mutant infections. One day after infection, samples were stained with trypan blue to detect plant cell death. Plant cell death can be observed by the accumulation of blue staining, mainly in the nucleus of the cell. Dgls1, Dgas1, and Dcne1 Dgas2 infections frequently induced plant cells death. Bar = 20 mm.
(D) Quantification of trypan blue-stained samples. The quantification of the experiment performed in (C) is shown. The average of hyphae inducing plant cell death and SD are represented for each indicated strain. The experiment was performed for three independent infections and the total number of hyphae scored was 18 for the wild type, 59 for Dgls1, 38 for Dgas1, 46 for Dgas2, 21 for Dcne1, and 73 for Dcne1 Dgas2.
(E) and (F) Expression levels of SA marker genes pr1 and atfp4 were determined by quantitative real-time PCR. The expression values relative to gapdh expression in each sample are shown. Expression levels in wild-type infections were set to 1 (dashed line). Leaves were taken 24 h after inoculation, and average values of three biological replicates are shown. Errors bars show SE. Four asterisks indicate a P value < 0.0001, three a P value < 0.001, two a P value < 0.01, and one asterisk a P value < 0.05.
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The Plant Cell control system during the early stages of pathogenic interaction between U. maydis and maize. While N-glycoprotein processing is not essential for most stages of the U. maydis cell cycle, it is crucial for the establishment of the biotrophic interaction with maize and tumor induction. Although the relevance of protein glycosylation for fungal pathogenic development has been known for several years, the mechanisms responsible for the loss of virulence showed by glycosylation mutants have been unclear. Focusing on plant fungal pathogens, we previously characterized the wholeprotein O-mannosylation pathway in U. maydis, finding that the O-mannosyltransferase Pmt4 is required for functional appressoria production (Fernández-Alvarez et al., 2009 . With the aim of identifying critical processes during U. maydis pathogenic development, we decided to investigate the protein N-glycosylation pathway, whose complexity in terms of numbers of implicated proteins is higher than in the O-mannosylation pathway. A previous screen for nonpathogenic mutants in U. maydis identified a protein homologous to the glucosidase II a-subunit, which catalyzes a step of this pathway (Schirawski et al., 2005) that is essential for plant infection, strongly suggesting that protein N-glycosylation is also required for plant-fungi pathogenic relationships, in a similar way to O-mannosylation.
N-glycosylation involves the production of a complex oligosaccharide core, which is then transferred to the protein and later processed (Schwarz and Aebi, 2011) . The first stage of the N-glycosylation pathway, responsible for oligosaccharide core production and its addition to nascent proteins in the ER, is essential from yeasts to mammalian cells (Parodi, 2000) . The U. maydis genome conserves the majority of the elements involved in N-glycoprotein production in eukaryotic cells (Fernández-Alvarez et al., 2010) . We focused our work on the second stage of protein N-glycosylation, the processing of sugars after their addition to nascent proteins. This process is catalyzed by Gls1, Gas1, and Gas2 subunits and Mns1, all located in the ER. Although the relative importance of the second phase varies between the different organisms studied, it is also clearly conserved (Herscovics, 1999) .
Another relevant characteristic of N-glycosylation that differentiates it from the O-mannosylation process is its use of different types of sugars besides Mans. Remarkably, we observed that the processing of Glcs, catalyzed by Gls1, Gas1, and Gas2, but not Mans, catalyzed by Mns1, Mns2, and Mns3 during oligosaccharide core processing, is specifically required for U. maydis virulence. These results are in agreement with the characterization of Gls1, Gas1, and Mns1 homologs of the human pathogen C. albicans (Cwh41, Rot2, and Mns1, respectively), where Cwh41 and Rot2 but not Mns1 null mutants were attenuated in virulence (Mora-Montes et al., 2007) . To rule out a possible role for GA mannosidases in U. maydis pathogenic development, we generated a triple deletion of the ER mannosidase Mns1 together with the conserved Golgi mannosidases, Mns2 and Mns3, which in Arabidopsis compensate for the loss of the ER mannosidase function (Liebminger et al., 2009 ). However, the triple mutant Dmns1 Dmns2 Dmns3 did not show any virulence defects in U. maydis, suggesting that Man processing is not critical for the U. maydis life cycle. Surprisingly, although N-glycoproteins are probably being produced during the U. maydis cell cycle, protein N-glycosylationdefective cells, such as Dgls1 or Dgas1 mutants, did not show significant defects during cell cycle progression, morphogenesis, or mating. In contrast with the deletion of pmt4, the loss of gls1 or gas1 did not affect appressorium production or penetration across the plant cuticle. Thus, our data show that the Dgls1 and Dgas1 strains cause a very specific defect just after penetration, suggesting that their dramatic defects in virulence are due to abnormal plant interactions. This phenotype could be caused by a defective establishment of the biotrophic interaction with maize, which would explain the altered plant defense response observed in Dgls1 and Dgas1 infections. Interestingly, the loss of Gas2 abolishes fungal tumor induction but not its normal progression during early stages of plant-fungi interaction. Considering that the role of these ER glucosidases consists of trimming Glcs from target proteins, their role during pathogenic development is likely to be indirect. Thus, Dgas1 and Dgas2 cells could be producing defective secreted proteins that reduce U. maydis virulence. It has been observed that during the U. maydis-maize pathogenic interaction, the fungus secretes at least two pools of protein effectors in order to support the infection process: (1) to establish compatibility with the plant by suppressing plant defense mechanisms, which is likely to depend on general pathogenic factors; and (2) to induce tumors, requiring U. maydis effectors to redirects maize specific organs (Skibbe et al., 2010) . The fact that the loss of gas1 and gas2 leads to a deficient establishment of biotrophy and compromised tumor induction, respectively, suggests that the activity of Gas1 is related to the function of the general pathogenic factors, while Gas2 is required for U. maydis specific effectors involved in later stages of the infection.
The ER N-glycoprotein control system, also known as the calnexin cycle, consists of several crucial elements, including the calnexin protein, which specifically recognizes the oligosaccharide core of NAcGlc 2 Man 9 Glc linked to proteins in order to evaluate their conformation (Hammond et al., 1994) . Given the relevance of calnexin for quality control, we examined the role of calnexin protein during U. maydis pathogenic development. Although calnexin is highly conserved in eukaryotic cells, the requirement for this protein is divergent among different organisms. For example, the loss of calnexin affects stress responses and mating but not virulence in Aspergillus fumigatus (Powers-Fletcher et al., 2011) , while, by contrast, it is essential for Magnaporthe oryzae virulence (Nguyen et al., 2008) . Interestingly, it has been reported that the deletion of af-gls1 (a putative homolog of um-gls1) induced overexpression of calnexin protein in A. fumigatus (Zhang et al., 2009) . Moreover, calnexin expression is increased when the unfolded protein response is activated in this filamentous fungus (Powers-Fletcher et al., 2011) . Our results in U. maydis show that, in a similar way to A. fumigatus, the single deletion of calnexin affects stress responses and reduces mating capacity slightly but does not affect its virulence. These results could be explained because a single deletion of cne1 in a wild-type background would not lead to an accumulation of a huge number of misfolded proteins, as it would occur under stress conditions. Thus, a quality control system would not be required for the fungus to complete its life cycle in nonstress conditions. Therefore, we hypothesized that to properly study the role of calnexin during fungal pathogenicity, we would need to perturb normal protein folding. Accordingly, deletion of cne1 in a gas2 mutant, which has an altered protein glycosylation pattern and presumably alters protein folding, reduced virulence more strongly than the gas2 single mutant, comparable to Dgas1 infections. We believe that deletion of gas2 leads to the accumulation of misfolded N-glycoproteins that are potentially recognizable by the calnexin.
In this context, as previously postulated, the cause of the abnormal plant defense response in Dgls1 and Dgas1 infections could be due to a pool of improperly glycosylated secreted effectors required for the establishment of biotrophy. The role of calnexin in this scenario is likely to be irrelevant since the oligosaccharide core present in Dgls1 or Dgas1 N-glycoproteins seems not to be recognized by the calnexin. Conversely, in Dgas2 cells, the ER quality control system could be acting to increase the residence time of altered glycosylated proteins to allow them to acquire their native conformation, thus leading to the enhanced virulence of gas2 mutants compared with Dgls1 or Dgas1 strains. Remarkably, Dgas2 cells are unable to induce tumors, although early plant responses seem to be modulated. This suggests that the presence of calnexin during tumor induction might not be sufficient to promote the correct folding of those N-glycoproteins specifically required for tumor induction. Another possibility is that a higher amount of misfolded N-glycosylated proteins at this stage of the infection could collapse the protein quality control system.
The fact that mutants belonging to the same pathway, such as gas1 or gas2, stop proliferating at different stages of the infectious process, represents a powerful tool for identifying effector proteins specifically required at early (Dgas1 infections) or late (Dgas2 infections) stages of pathogenic development. A comparison between U. maydis secreted proteins in wild-type, Dgls1, Dgas1, and Dgas2 infections is now being undertaken to determine which proteins are active at these stages of U. maydis infection.
In summary, our work examines N-glycosylation in a fungal pathogen, highlighting the critical role of N-glycoprotein processing and quality control in host-pathogen interactions. We believe that the results presented here are extremely valuable for better understanding the nature of many fungal secreted effectors with a critical role in plant-fungal interactions, while at the same time opening up promising lines of research for the study of stage-specific virulence factors.
METHODS
Strains, Plasmids, and Growth Conditions
All Ustilago maydis strains are described in Supplemental Table 1 online. To generate deletion mutants of um11723 (gls1), um12045 (gas2), um02227 (mns1), um10494 (mns2), um01957 (mns3), and um10287 (cne1) genes, fragments of the 59 and 39 flanks of their ORFs were generated by PCR using Long Expand Template polymerase (Roche) and U. maydis FB1 genomic DNA, isolated following the protocol of Hoffman and Winston (1987) , using the following primer combinations: gls1KO5-1/ gls1KO5-2 and gls1KO3-1/gls1KO3-2; gas2KO5-1/gas2KO5-2 and gas2KO3-1/gas2KO3-2; mns1KO5-1/mns1KO5-2 and mns1KO3-1/ mns1KO3-2; mns2KO5-1/mns2KO5-2 and mns2KO3-1/mns2KO3-2; mns3KO5-1/mns3KO5-2 and mns3KO3-1/mns3KO3-2; and cne1KO5-1/ cne1KO5-2 and cne1KO3-1/cne1KO3-2 (sequences in Supplemental Table 2 online). These fragments were digested with SfiI and ligated with the 1.4-kb SfiI nourseothricin (ClonNAT), 1.9-kb SfiI carboxin, or 2.7-kb SfiI hygromycin resistance cassettes (Brachmann et al., 2004) . The constructs were cloned into pGEM-T easy plasmid (Promega) and amplified by PCR using the following primers: gls1KO5-1/gls1KO3-2, gas2KO5-1/gas2KO3-2, mns1KO5-1/mns1KO3-2, mns2KO5-1/mns2KO3-2, mns3KO5-1/mns3KO3-2, and cne1KO5-1/cne1KO3-2, respectively, prior to their transformation in U. maydis protoplasts.
To generate U. maydis protoplasts, 50 mL of exponentially growing cells was digested with 0.02 mg/mL of Lallzyme in SCS (1 M sorbitol and 20 mM sodium citrate, pH 5.8) for 5 min at 28°C. Cells were then washed twice in SCS and once in STC (1 M sorbitol, 10 mM Tris-HCl, pH 7.5, and 100 mM CaCl 2 ) solutions. Protoplasts were resuspended in 200 mL of STC. One micrograms of DNA was used to transform 50 mL of protoplasts by incubating in STC/40% polyethylene glycol for 30 min. Cells were grown on selective regeneration agar plates.
To generate an invertase (Suc2) GFP fusion protein, under the control of the otef promoter, the um-01945 (suc2) gene was cloned into the pING vector (Fernández-Alvarez et al., 2012) . The suc2 ORF was amplified by PCR from U. maydis genomic DNA using the primers suc2ORF-5 and suc2ORF-3 (sequences in Supplemental Table 2 online). The PCR product was cut with SfiI and ligated into the 6.3-kb SfiI fragment of pING.
U. maydis cells were grown at 28°C in liquid YEPSL (0.4% bactopeptone, 1% yeast extract, and 0.4% saccharose) medium or solid YPD (2% bactopeptone, 1% yeast extract, and 2% Glc) agar plates. To ascertain the effects of DTT on U. maydis cells, we grew the strains to exponential phase in YEPSL at 28°C. We then performed a serial dilution patch test of mutant and control strains on YPD agar plates with DTT (Sigma-Aldrich) (0.5 M), grown at 28°C for 2 d. To analyze the response to thermal stress, we incubated the YPD agar plates at 36°C for 2 d. Mating assays were performed by cospotting equal number of compatible strains onto PD plates containing 1% charcoal (PD-charcoal) and incubating them at 25°C for 1 to 2 d (Gillissen et al., 1992) .
Pathogenicity Assays and in Planta Analysis
U. maydis cultures were grown to exponential phase and concentrated to an OD 600 of 3, washed twice with water, and injected into 1-week-old maize (Zea mays) seedlings (Early Golden Bantam). Disease symptoms were scored 7 to 25 d after infection according to Kämper et al. (2006) .
To analyze the prepenetration stages of U. maydis infection by fluorescence microscopy, infected leaves were stained with calcofluor white (0.1 mg/mL) (Fluorescent Brightener 28; Sigma-Aldrich) 15 h after plant inoculation. Postpenetration stages were studied by optical microscopy using CBE-stained leaf samples as previously described (Brachmann et al., 2003) . To visualize fungal hyphae in planta by WGA-AF488 (Invitrogen) and PI (Sigma-Aldrich), maize leaf samples 1 to 3 d after inoculation were incubated in staining solution (1 mg/mL PI, 10 mg/mL of WGA-AF488, and 0.02% Tween 20) for 30 min and washed in 13 PBS, pH 7.4, prior to their visualization under the microscope .
Quantification of fungal biomass in planta was performed by quantitative PCR (see below; ABI Prism 7000) using the primers ppi-f (59-CGA-GAACGAGGGCACCAA-39) and ppi-r (59-GCGAAAAAGCGTTTAAA-GAACAC-39).
Histochemical detection of hydrogen peroxide by DAB was performed as described by Molina and Kahmann (2007) ; black precipitates resulting from the reaction of DAB with hydrogen peroxide were visualized by light microscopy. Infected leaves were placed in 1 mg/mL of DAB for 24 h at 4°C and then completely decolorized in ethanol. To determine plant cell 12 of 15
The Plant Cell death, we used trypan blue (0.01 g/mL of trypan blue in glycerol/lactic acid/water 1:
. Infected leaves were placed on diluted trypan blue solution for 24 h and faded with chloral hydrate before their visualization by light microscopy.
Microscopy and Data Analysis
Analysis of cell morphology, CBE, DAB, and trypan blue staining was done using a Leica fluorescence microscope, equipped with a PlanApo 3100 lens. To investigate infection stages using WGA-AF488, a Deltavision wide-field microscope (Olympus IX71; Applied Precision) was used.
Image deconvolution was performed using z-series acquired at 0.3-mm intervals. Image processing and analysis were performed using Adobe Photoshop CS5.1 and Volocity 6.0.1.
Protein Gel Blot Analysis
U. maydis cells were cultured at 28°C in YEPSL medium to a final density of OD 600 = 0.5. Cells from a 10-mL culture volume were collected by centrifugation, washed once with 20 mM Tris-HCl, pH 9.0, buffer, and resuspended in 200 mL of 20% trichloroacetic acid with phenylmethylsulfonyl fluoride (1 mM) and protease inhibitors mix (SetIII; Calbiochem). Acid-washed glass beads (Sigma-Aldrich) were added and the mixture was vortexed for 1 min. Tubes were pierced at the bottom, and the suspension was recovered by centrifugation. Beads were washed with 100 mL of 20% trichloroacetic acid with phenylmethylsulfonyl fluoride (1 mM) and protease inhibitors mix. This was centrifuged at 3000 rpm for 10 min, and the final pellet was resuspended in 150 mL of LDS sample buffer (Invitrogen). All manipulations were done on ice or in the cold room (4°C). Purified proteins were separated on NuPAGE 4 to 12% Bis-Tris acrylamide gradient gels with MOPS SDS running buffer (Invitrogen). Blots were probed with anti-GFP antibodies raised in mouse (Roche). Horseradish peroxidase-conjugated anti-mouse IgG (Sigma-Aldrich) was used as secondary antibodies. Visualization was performed using the ECL Plus Western Blotting Detection System (GE Healthcare).
For protein gel blot analysis using Endo H treatment, samples were purified as previously mentioned; then, 20 mg of total protein extraction was preincubated at 95°C during 5 min. After 3 min on ice, 3000 units of Endo H (Promega) were added to each sample and incubated at 37°C for 24 h. Protein separation was performed using the same conditions than nontreated samples.
To detect Suc2 in the secretome, cells were grown in 30 mL of complete media medium supplemented with 1% Glc to OD 600 = 0.5 at 28°C. Samples were centrifuged at 3000g for 10 min and the supernatant filtered. Secreted proteins were isolated by incubation for 30 min on ice with 0.02% sodium deoxycholate and further addition of 10% trichloroacetic acid. Samples were incubated overnight at 4°C, and precipitated proteins were collected by centrifugation at 12,000g for 15 min at 4°C. Pellets were washed with acetone and dried. Finally, samples were resuspended in 150 mL of buffer (7 M urea, 2 M thiourea, and 4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate), and protein concentration was measured using the RC DC Protein Assay kit (Bio-Rad). Purified proteins were separated on 10% polyacrylamide SDS-PAGE gels by loading 10 mg of protein. Anti-GFP mouse IgG1 (Roche) (1:1000) and horseradish peroxidase-conjugated antimouse IgG (Sigma-Aldrich) (1:5000) antibodies were used. Supersignal (Pierce) was used to detect the proteins analyzed.
Maize Gene Expression Analysis
To analyze maize gene expression, RNA was isolated from infected leaves and purified using an RNeasy kit (Qiagen). Expression of Zm-pr1 (ZMU82200) and Zm-atfp4 (NP_001152411.1) were analyzed by quantitative RT-PCR using primers shown in Supplemental Table 2 online as previously described (Hemetsberger et al., 2012) . A first-strand cDNA synthesis kit (Invitrogen) was used to reverse transcribe 5 µg of total RNA with 50 µM oligo(dT) primers using 200 units of SuperScript III reverse transcriptase. Quantitative PCR with Express SYBR GreenER pPCR SuperMix with Premixed ROX (Invitrogen) was used. Analysis was performed using primers to 200 nM final concentration. Gene expression levels were calculated relative to gapdh expression levels from three independent biological replicates. Analysis of gene expression was obtained using the delta Cq equation 2 delta to convert to a relative fold change in gene expression.
Phylogenetic Analysis
ER and Golgi mannosidases sequences were downloaded from the Munich Information Center for Protein Sequences U. maydis database (http://mips.gsf.de/genre/proj/ustilago/) and the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/entrez/query. fcgi). Multiple sequence alignments were made with Clustal using the default settings. Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 4 (Tamura et al., 2007) with the minimum evolution algorithms using 1000 bootstrap replications.
Accession Numbers
U. maydis sequence data can be found in the UniProt data library under accession numbers Q4PAX9 for Gls1, Q705V7 for Gas1, Q4P0B9 for Gas2, Q4PCD6 for Mns1, Q4P848 for Mns2, Q4PD56 for Mns3, and Q4P380 for Pmt4. Saccharomyces cerevisiae sequences are under P53008 for Sc-Cwh41, Q04924 for Sc-Gtb1, P32906 for Sc-Mns1, and P27825 for Sc-Cne1. Candida albicans sequences are under Q2V621 for Ca-Cwh41 and Q59VQ7 for Ca-Mns1. Arabidopsis thaliana sequences are under Q9C512 for At-Mns1, Q8H116 for At-Mns2, and Q93Y37 for At-Mns3.
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